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ABSTRACT The use of inorganic nanoparticles in biomedical and biotechnological applications 1 

requires a molecular-level understanding of interactions at nano-bio interfaces, such as cell 2 

membranes. Several recent reports have shown that gold nanoparticles (AuNPs), in the presence 3 

of fluid lipid bilayers, aggregate at the lipid/aqueous interface, but the precise origin of this 4 

phenomenon is still not fully understood. Here, by challenging synthetic lipid membranes with one 5 

of the most typical classes of nanomaterials, citrate-coated AuNPs, we addressed the cooperative 6 

nature of their interaction at the interface, which leads to AuNPs’ clustering. The ensemble of 7 

optical (UV-Vis absorbance), structural (small-angle neutron and X-ray scattering) and surface 8 

(X-ray reflectivity, quartz crystal microbalance, atomic force microscopy) results, is consistent 9 

with a mechanistic hypothesis, where the citrate-lipid ligand exchange at the interface is the 10 

molecular origin of a multiscale cooperative behavior, which ultimately leads to the formation of 11 

clusters of AuNP on the bilayer. This mechanism, fully consistent with the data reported so far in 12 

the literature for synthetic bilayers, would shed new light on the interaction of engineered 13 

nanomaterials with biological membranes. The cooperative nature of ligand exchange at the 14 

AuNP-liposome interface, pivotal in determining clustering of AuNP, will have relevant 15 

implications for NP use in Nanomedicine, since NPs will be internalized in cells as clusters, rather 16 

than as primary NP, with dramatic effects on their bioactivity. 17 

KEYWORDS: Gold Nanoparticles; Lipid Bilayers; Surface Plasmon Resonance; Membranes; 18 

Nano-Bio interface 19 
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1. INTRODUCTION  1 

 Understanding the behavior of nanomaterials in biological environments is a longstanding 2 

research challenge, necessary to fully harness the medical potential of nanomaterials and rationally 3 

assess their cytotoxicity 1–3. In particular, interactions at the nano-bio interface are recognized as 4 

pivotal steps to determine the fate of nanostructured materials in living systems4–7. In this respect, 5 

the study of interactions of nanomaterials with synthetic lipid membranes can contribute robust 6 

fundamental knowledge and help identifying some of the main factors implied in the behavior in 7 

biological systems 6–9. 8 

 Turkevich-Frens gold nanoparticles coated with a layer of citrate anions, (AuNP), are one 9 

of the most studied and explored class of inorganic nanoparticles for biomedical applications. 10 

Upon incubation with lipid membranes, they can exhibit an intriguing behavior: the presence of 11 

lipid vesicles affects the optical properties of the AuNP, displayed as a shift of the surface plasmon 12 

resonance, with a marked color variation of the dispersion10–14. This effect, a clear signature of 13 

membrane-templated clustering of AuNP 13,15, is relevant both from a fundamental and from an 14 

applicative perspective. The clustering of NP is a relevant feature that determines their cell 15 

internalization pathway 4,16; moreover, some technological applications of this membrane-induced 16 

aggregation are already in use, like in a recently developed analytical assay to estimate the purity 17 

and concentration of extracellular vesicles17. 18 

Despite the number of studies on citrated AuNP and the fundamental and applicative implications 19 

of their clustering, occurring in the presence of natural and synthetic lipid membranes, this 20 

phenomenon has started to be addressed only recently 12,13,18. These investigations have provided 21 

evidence that AuNP aggregation on lipid membranes eventually leads to the formation of an AuNP 22 
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crust on the target membrane 13 and that the clustering extent depends on membrane fluidity 10,14 1 

and nature of the coating agent 12. However, a thorough mechanistic understanding of the 2 

phenomenon, which reconciles the experimental observations reported so far, is still lacking. 3 

 In this study we present a comprehensive investigation of the interaction of AuNP with 4 

synthetic free-standing and supported bilayers composed of POPC (1-palmitoyl-2-oleoyl-glycero-5 

3-phosphocholine), which results in AuNP clustering. Combining optical (UV-Vis absorbance), 6 

structural (small-angle neutron and X-ray scattering) and surface (X-ray reflectivity, quartz crystal 7 

microbalance, atomic force microscopy) techniques, we disentangle the main probabilistic, kinetic 8 

and thermodynamic contributions. In addition, based on the ensemble experimental results here 9 

presented, we propose an original hypothesis on the molecular mechanism of the bilayer-driven 10 

clustering, whose key step is identified as the POPC-citrate ligand exchange. 11 

2. MATERIALS AND METHODS 12 

2.1 Materials 13 

Tetrachloroauric (III) acid (≥ 99.9%), trisodium citrate dihydrate (≥ 99.9%), MeOH (99.8%), 14 

CHCl3 (≥ 99.9%), NaCl (≥99.5%), CaCl2 (99.999%) and D2O (99 atom % D) were provided by 15 

Sigma-Aldrich (St. Louis, MO). The same for 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 16 

(POPC) (≥ 98.0%), tannic acid (99.8%) and 3-mercaptopropionic acid (MPA) (99.0%). All 17 

chemicals were used as received. Milli-Q grade water was used in all preparations. 18 

2.2 Synthesis of AuNP 19 

Citrated gold nanospheres of 16 nm diameter were synthesized according to the classical 20 

Turkevich-Frens protocol 19,20, whose details are reported in the SI (page S2 of Supplementary 21 
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Materials and Methods section). To obtain 16 nm MPA-capped AuNP the following method was 1 

adopted: 500 μL of an aqueous solution of 3-mercaptopropionic acid (5x10-3 M) were added to 5 2 

ml of freshly prepared 16 nm-citrated AuNP (7.8·10-9 M). The mixture was stirred for 30 s and 3 

left at 4°C overnight. To obtain smaller citrated NP (5 nm diameter), a slightly different procedure 4 

was adopted, with addition of tannic acid traces to the inverse Turkevich method 21. Briefly, 1 mL 5 

of HAuCl4 aqueous solution (25 mM) was injected into 150 mL of sodium citrate aqueous solution 6 

(2.2 mM), mixed with 0.1 mL of tannic acid (2.5 mM). The addition was carried out at 70°C under 7 

vigorous magnetic stirring and led to the instantaneous color change of the solution from 8 

transparent to dark grey. After a few minutes, the solution turned orange, indicative of the 9 

formation of sub-10 nm gold nanoparticles. The nanoparticles solution was then slowly cooled 10 

down to room temperature. 11 

2.3 Preparation of POPC vesicles and Supported Lipid Bilayers (SLB) 12 

For POPC liposomes preparation, a standard method of dry film rehydration was adopted, followed 13 

by freeze-thaw cycles and extrusion (see page S3 of SI for details). For SLBs formation a similar 14 

procedure was adopted: briefly, a dry lipid film of POPC was suspended in warm (50°C) aqueous 15 

solution containing 100 mM NaCl by vigorous vortex mixing and then tip-sonicated for 30 16 

minutes. SLBs were prepared by adding 10 mM CaCl2 to the vesicles' dispersion and subsequently 17 

depositing a droplet of the vesicles’ dispersion on a silicon wafer previously polished and activated 18 

in a plasma cleaner. A stable SLB layered on the support was obtained by rinsing the vesicles' 19 

dispersion with pure milliQ water, after incubation of the vesicles with the support for twenty 20 

minutes at room temperature. Further details are reported in the SI (page S3). 21 

 22 
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2.4 Small Angle X-ray Scattering  1 

SAXS measurements were carried out on a S3-MICRO SAXS/WAXS instrument (HECUS 2 

GmbH, Graz, Austria) which consists of a GeniX microfocus X-ray sealed Cu Kα source (Xenocs, 3 

Grenoble, France) of 50 W power which provides a detector focused X-ray beam with λ = 0.1542 4 

nm Cu Kα line. The instrument is equipped with two one-dimensional (1D) position sensitive 5 

detectors (HECUS 1D-PSD-50 M system), each detector is 50 mm long (spatial resolution 54 6 

μm/channel, 1024 channels) and cover the SAXS q-range (0.003< q <0.6 ̊Å −1). The temperature 7 

was controlled by means of a Peltier TCCS-3 Hecus. The analysis of SAXS curves was carried out 8 

using Igor Pro 22. Details on the measurements and data analysis are reported in the SI (see page 9 

S10 of Supplementary Characterization of Gold Nanoparticles). 10 

 11 

2.5 Small Angle Neutron Scattering 12 

SANS experiments were performed on D11 at the Institut Laue – Langevin (Grenoble, France). 13 

All measurements have been done at 25°C in cylindrical quartz cuvettes of 1mm path length. A 14 

neutron beam size of 13mm in diameter has been employed. Three instrument settings were used, 15 

all with a neutron wavelength of 6 Å, having a FWHM of 9%. The sample to detector distances 16 

were 1.5 m, 8 m and 39 m with corresponding collimation distances of 5.5 m, 8 m and 40.5 m 17 

respectively. Scattered intensities were collected with a MWPC 3He detector with 128 · 128 pixels 18 

of 7.5 · 7.5 mm² size. Data were normalized with respect to the measurement of a 1mm path length 19 

MilliQ H2O cuvette, for which the differential scattering cross section for 6 Å on D11 has been 20 

determined to 0.983 cm-1 via a cross calibration against h/d polymer blends. Data reduction was 21 

done using the LAMP software package available at the Institut Laue – Langevin. All data were 22 

corrected for the scattering of a dark current, as a background the scattering of an empty cell has 23 

been subtracted. In a second step the data were radially averaged and the scattering from the 24 
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background (D2O) has been subtracted. Transmissions were measured at a sample to detector 1 

distance of 8 m with a collimation distance of 8 m. 2 

2.6 X-ray Reflectivity  3 

XRR experiments were performed at the ID03 surface diffraction beamline of the ESRF. The 4 

experiments were conducted using the six-circle diffractometer with vertical scattering geometry 5 

of experimental hutch 1. During the experiment a drop of buffer solution was maintained on the 6 

sample surface. In order to minimize the beam damage a 24keV x-ray beam de-focused in the 7 

horizontal plane has been used, with a resulting beam size of 45x600 μm2 at the sample position. 8 

These conditions have been already successfully used to characterize similar samples in analogue 9 

conditions 23,24. The images were collected using a Maxipix camera (ESRF) (2x2 chips, 516x516 10 

pixels) at a distance of 772 mm from the sample. The software MOTOFIT was employed for the 11 

analysis of the XRR curves. Details on data analysis are reported in the SI (page S19 of 12 

Supplementary Data Analysis). 13 

2.7 Atomic Force Microscopy liquid imaging 14 

AFM experiments in liquid were performed at the SPM@ISMN facility in Bologna using a 15 

Multimode VIII (Bruker, Santa Barbara, CA, US) and at the Partnership for Soft Condensed Matter 16 

(PSCM) in Grenoble using a Cypher S (Asylum Research, Santa Barbara, CA, US). In the first 17 

case images were collected in peakforce tapping using SNL Bruker cantilevers with nominal spring 18 

constant of 0.24 N/m and 2-10 nm curvature radius, in the second one Olympus BL-AC40TS 19 

cantilevers were chosen to perform tapping mode imaging. Details on samples preparation and 20 

image analysis are reported in the SI (page S8 of Supplementary Materials and Methods). 21 

 22 
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2.8 Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D) 1 

QCM-D experiments were performed on a Q-Sense E4 instrument (Q-Sense, Gothenburg, 2 

Sweden) in the Partnership for Soft Condensed Matter Laboratory (PSCM) Grenoble (France) 25–3 

27. The instrument was equipped with four flow liquid cells (0.5ml internal volume), each 4 

containing a coated quartz sensor with 4.95 MHz fundamental resonance frequency, mounted 5 

horizontally. The active surface of the sensors (∼1 cm2) was coated with a thin SiO2 layer (∼100 6 

nm thick). The sensors were cleaned prior to use by ozone cleaning, bath sonication in chloroform, 7 

acetone and ethanol and extensively rinsed with MilliQ water and ethanol. The experiments were 8 

performed at 18°C and solvent exchange in the measurement chamber was achieved with a 9 

peristaltic pump. First, the sensors were placed in the chambers and water was injected at a low 10 

flow rate (0.07 ml/min), the frequencies (f) and corresponding energy dissipation factors (D) were 11 

measured for the odd harmonics (1st–13th). A stable baseline for both f and D of the different 12 

harmonics was ensured before injection of the vesicles. The QCM-D curves reported are 13 

normalized by the overtone number. Details on data analysis are reported in the SI (page S9 of 14 

Supplementary Materials and Methods). 15 

 16 

3. RESULTS AND DISCUSSION 17 

3.1. UV-Vis characterization of liposomes-induced clustering of AuNP 18 

After mixing a 1.3 nM dispersion of negatively charged citrated AuNP (16 nm diameter, zeta 19 

potential: -36 ± 2 mV,) with 100 nm-sized zwitterionic POPC liposomes (zeta potential: -4.9 ± 20 

0.4), we monitored the spectral variations in the region of the plasmon resonance band of AuNP. 21 

Figure 1 shows the observed changes, as several factors and/or experimental conditions were 22 
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varied, in particular: (i) POPC liposomes/AuNP ratio (R) (Figure 1a, 1b), (ii) mixing sequence 1 

(Figure 1c), (iii) volume of the solution (Figure 1d, 1e) (see pages S3-S6 of SI for details of the 2 

preparation of samples). 3 

504 

 5 

Figure 1. UV-Vis characterization of AuNP-POPC vesicles interaction. UV-Vis spectra of 6 

AuNP (1.3 nM) in the presence of different amounts of POPC liposomes (R = 8; 2; 0.5, and 0.25) 7 

and visual appearance of the corresponding samples (b, c). (d) UV-Vis spectra of Lipo/AuNP R = 8 

2 complexes, initially mixed in different volumes, and then diluted to the same final volume and 9 

visual appearance of the corresponding samples (e). 10 

The reference sample is a 1.3 nM dispersion of AuNP in water, where the negative charge of citrate 11 

coating provides electrostatic stabilization (black curves, Figure 1a, 1d) which prevents NP 12 

aggregation. In this sample, the absorbance is characterized by an intense and defined surface 13 

plasmon band at 521 nm, typical of colloidally stable gold particles of nanometric size. The 14 

addition of decreasing amounts of liposomes causes a progressive broadening of the plasmon 15 
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resonance peak and, eventually, the appearance of a redshifted shoulder (Figure 1a). The observed 1 

shift, due to plasmon-plasmon coupling, originates from the spatial proximity of NP and is the 2 

hallmark of NP aggregation. This effect has been already observed in several reports 10–12,14 3 

showing that, for defined experimental conditions, AuNP will cluster on the liposomal surface. 4 

Here, in line with a recent study 12, we show that the extent of clustering, also detectable by the 5 

naked eye as a red-to-blue color change of the dispersion (Figure 1b), strictly depends on the 6 

relative amounts of liposomes and AuNP (Figure 1a). In contrast to salt-induced aggregation of 7 

AuNP, which is maximized increasing the ionic strength, this shift is maximum for the lowest 8 

amounts of added liposomes. This is a clear indication that the clustering of AuNP is a membrane-9 

dependent phenomenon, which strictly occurs on the liposomal surface, so that the lower the 10 

liposomal surface extension available, the higher the aggregation extent of AuNP. 11 

Up to now, reports on membrane-induced clustering of citrated AuNP have focused mainly on 12 

energetics. For instance, it has been shown that the interaction is inhibited if the lipid membrane 13 

is negatively charged, accounting for an electrostatic repulsive contribution 10,15; that the clustering 14 

depends on the phase properties of the target, i.e., the melting temperature of the composing lipid 15 

bilayer 14,18; that the chemical nature of the coating agent affects the affinity of AuNP with the 16 

target membrane 11,15; that the adhesion of NP might affect the phase behavior of the target 17 

membrane 13,28,29. 18 

With respect to these previous contributions, the experimental results shown here provide 19 

additional details: in particular, kinetic effects are of prominent relevance. In fact, the mixing order 20 

of the species (i.e., liposomes added to the AuNP solution (Figure 1c) vs AuNP added to the 21 

liposome solution (Figure 1b)) determines meaningful differences in the extent of NP clustering, 22 

which do not disappear even after one week incubation (data not shown), suggesting that the 23 
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membrane-induced aggregation of AuNP is irreversible and does not evolve to a more 1 

thermodynamically stable state, in the time frame of our experimental observations. To strengthen 2 

this conclusion, we observed that a variation of the volume at which AuNP and liposomes are 3 

initially mixed (see page S3 of SI for the detailed preparation of samples) strongly affects the 4 

extent of NP clustering in a similarly irreversible fashion. Specifically, liposomes/AuNP hybrids 5 

of Figure 1d-e were incubated at different volumes, modifying liposomes and AuNP 6 

concentrations during mixing, but not their relative numerical ratio, and then diluted to the same 7 

final volume: the reduction of the interaction volume is associated to larger variations of the 8 

spectral properties which are not leveled after one week, providing further evidence of the 9 

irreversible nature of the AuNP aggregation process. 10 

While it is clear from the recent literature that thermodynamic contributions, as NP-membrane and 11 

NP-NP Van der Waals attractive forces, are involved in AuNP docking to the membrane and 12 

AuNP-AuNP aggregation on the liposomal surfaces, both the kinetic control and the irreversible 13 

nature of the process have been so far unaddressed, to the best of our knowledge. 14 

3.2. Structural characterization of AuNP-liposome aggregates 15 

SAXS, SANS and AFM were used to investigate the structure of AuNP-POPC liposome 16 

dispersions. (Figure 2). In recent studies, Cryo-EM was also used to visualize AuNP clusters on 17 

liposomes 12,14,18. Here we provide an ensemble-averaged description, combining solution 18 

ensemble techniques (SAXS and SANS) with atomic force microscopy (liquid AFM). SAXS and 19 

SANS provide complementary structural information at the nanoscale: the high AuNP/H2O 20 

contrast in SAXS emphasizes the structural features of the NP and of their aggregates, if present, 21 
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whereas the high lipid/D2O contrast in SANS provides access to structural details of the NP effects 1 

on the lipid bilayers. 2 

 3 
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Figure 2. Structural characterization of AuNP-POPC liposome complexes. (a) SAXS of 1 

POPC liposomes in the presence of different amounts of AuNP (R = 0.5 and 0.25); comparison of 2 

the experimental curves with the power laws I(q)µ q-1 and I(q)µ q-2 (inset). (b) Representative 3 

AFM images of POPC liposomes after interaction with AuNP (R = 0.25); magnification of the 4 

AFM image which highlight the AuNP aggregates. (c) SANS profiles of POPC liposomes in the 5 

presence of different amounts of AuNP (R = 1 and 0.25); the curve fit for liposomes according to 6 

a polydisperse core-shell model is consistent with vesicles of a 45 nm radius and polydispersity 7 

0.3 according to a Schulz distribution (inset)”. SANS measurements were performed at D11, ILL. 8 

Figure 2a displays the SAXS spectra obtained for R = 0.5 and R = 0.25, i.e. with 2 and 4 AuNP 9 

per liposome on average. For both samples the scattering due to liposomes is not distinguishable 10 

from the water background at these concentrations (green curve), and the signal is exclusively due 11 

to AuNP, either single or aggregated. When liposomes are present, the scattered intensity shows a 12 

clear q-2 trend in the low-q range, (Figure 2a, inset), superimposed to the form factor of primary 13 

AuNP, measured as a control sample. A quantitative estimation of the low-q slope, obtained by 14 

fitting the experimental AuNP-liposomes curves in Figure 2 to a multiple level Guinier-Porod 15 

model30, can be found at Page S14 of SI. The occurrence of this power-law behavior hints at a 16 

fractal arrangement of the primary particles31, not observed in the absence of liposomes. 17 

The R = 0.25 sample was also imaged through AFM in liquid32. Figure 2b shows an example of 18 

extended assembly of AuNP on lipid vesicles (or vesicle aggregates), which corroborates the 19 

SAXS analysis. AFM does not allow determining whether the aggregates are 3D clusters of AuNP 20 

or 2D membrane-supported clusters. In agreement with the literature,33–35 we would expect a 3D 21 

compact arrangement of primary NP to give rise to a SAXS power law characterized by a decay 22 

exponent higher than 2. Therefore, the combination of AFM and SAXS results would be consistent 23 

with the formation of extended 2D clusters of AuNP tightly packed on the liposomes surface.  24 
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Since in these dispersions AuNP and liposomes have comparable concentrations, the formation 1 

of membrane-confined extended aggregates of AuNP on a single liposome implies a strongly 2 

uneven distribution of AuNP: some liposomes will be extensively coated by AuNP, while others 3 

will be devoid of particles. 4 

This conclusion is supported at the ensemble level by SANS, performed on the same AuNP-5 

POPC liposome complexes (Figure 2c). No significant variations are observed in the scattering 6 

profiles upon interaction with AuNP, in line with the hypothesis that the vast majority of the 7 

liposomes remain "undressed". On the other hand, AFM provides proof of consistent aggregation 8 

at the level of single complexes (Figure 2b).  9 

This phenomenon, i.e., a spontaneous aggregation of AuNP only on a limited number of 10 

liposomes, is a key feature of membrane-templated aggregation of AuNP, whose peculiar aspects 11 

will be addressed in the next paragraph. 12 

 13 

3.3. Distribution of AuNP among liposomes  14 

We evaluated the distribution of AuNP among liposomes by determining the relative abundancy 15 

of single and aggregated AuNP from the UV-Vis spectra (Figure 1); the analysis was performed 16 

considering the spectral profiles as the convolution of the original plasmon resonance peak 17 

(centered at 521 nm) and an additional red-shifted peak due to aggregated AuNP (see page S19 of 18 

Supplementary Data Analysis for details).36 The relative area of each peak can be considered as a 19 

rough estimate of the percentage of single and aggregated AuNP. Interestingly, even for R > 1, 20 

with liposomes in excess with respect to AuNP, this evaluation yields a high percentage of 21 
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aggregated AuNP: as an example, for R = 2, with a number density of liposomes double with 1 

respect to AuNP (see Figure 1), we found a percentage of aggregated AuNP of 44%. (see pages 2 

S19-S22 of SI for details). 3 

To frame this result from a statistical perspective, we tried to estimate the probability of finding 4 

multiple AuNP on the same liposome as a function of R. For simplicity, we considered AuNP and 5 

liposomes as dimensionless objects that undergo irreversible and complete association. This 6 

description, yet very simple, is of general applicability and allows making no assumption on the 7 

nature of the interaction forces at stake. 8 

In this scenario, the distribution probability of AuNP per liposome (Pj, with j>0 number of NP 9 

on the same liposome) is described through a Poisson distribution, employed in the past to describe 10 

the distribution of molecular probes in micellar dispersions 37 (see pages S15-S19 of SI for details):  11 

𝑃𝑗 =
𝑅("#$) × 𝑒#("/') × 𝑗

𝑗! 																																									(1) 12 

where R is the liposomes/AuNP number ratio, as previously defined. As described in eq.1, 𝑃𝑗 13 

represents the probability to find an AuNP sharing the same liposomal surface with other j-1 gold 14 

nanoparticles. Therefore, for each R experimentally investigated there is a finite probability for 15 

multiple AuNP occupancy on the same vesicle, whose relative weight strongly depends on the 16 

stoichiometry: according to eq.1, the probability of finding two or more AuNP on the same 17 

liposome increases with decreasing R, in line with the UV-Vis results (Figure 1a-c). Therefore, the 18 

qualitative dependence of AuNP aggregation on R can be understood in terms of enhanced 19 

probability of multiple occupancy. 20 
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However, the Poisson model definitively fails when a quantitative analysis is attempted: 1 

specifically, the AuNPs’ aggregation extent, evaluated with eq.1., is systematically underestimated 2 

for each R investigated. 3 

For example, for R = 2 this model predicts that the majority of liposomes (about 60%) will be 4 

unoccupied and that AuNPs will distribute among the remaining 40% liposomes (See equation S1 5 

and Figure S5 a) for details) either associating as a 1:1 or multiple:1 AuNPs/liposome complex.  6 

More specifically, the majority of AuNP (61%) should associate with liposomes in a 1:1 fashion, 7 

while 30% should occur as “pairs”, and only 9% will exhibit j > 2 (see equation 1 and Figure S5 8 

b) for details).  9 

This description is clearly not consistent with SAXS and UV-Vis results, which point at marked 10 

multiple occupancy. In addition, the Poisson-based model does not consider the finite sizes of 11 

liposomes and AuNP, which would further drastically reduce the expected percentage of 12 

aggregated AuNP (comprising of both dimers and oligomers) to 1.6% for R = 2 (see pages S15-13 

S19 of SI for details). 14 

To summarize the results so far, besides energetic contributions for adhesion and clustering, two 15 

distinctive features emerge: (i) the kinetic control of binding and aggregation, which results in 16 

irreversible clustering; (ii) the strongly uneven distribution of AuNP aggregates on selected 17 

liposomes. 18 

In order to better disentangle these aspects, we address more in detail two “chemical” factors which 19 

might have a major impact and, specifically, the nature of the AuNP coating (3.4) and the 20 

viscoelastic properties of the lipid membrane (3.5). 21 
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3.4. Role of ligand on AuNP-liposomes interaction 1 

The nature of surface ligands mediates the interaction between NP surface and lipid interfaces, 2 

both for synthetic and natural membranes. It is well-established that a positively charged coating 3 

agent will promote a dramatic interaction of NP with biological or biomimetic interfaces 15,38–40; 4 

likewise, it is known that surface coatings with large steric hindrance (as PEG) will inhibit 5 

interactions with lipid membranes 15,41,42. For small anionic ligands, the nano-bio interaction 6 

pathway strongly depends on the chemical nature of the ligand itself. For instance, the 7 

phenomenon here investigated has been observed specifically for the citrate-coated AuNP. This 8 

suggests a possibly overlooked role of the ligand in AuNP-membrane interactions, which should 9 

be related to specific molecular features of citrate that discriminate its behavior with respect to 10 

other small anionic ligands. 11 

This capping agent is physisorbed on NP surface and can be easily displaced through “ligand-12 

exchange” reactions. The behavior of citrate as an exchangeable capping agent is well-known: 13 

citrate is often used as intermediate ligand to functionalize NP 43,44, it is easily exchanged to 14 

thiolated ligands and, recently, it has been also shown that it can be displaced by other non-covalent 15 

capping agents 45, such, for instance, adenine 46. 16 

To better address this point and its implications for the case under study, we compared the behavior 17 

of citrate-capped AuNP and AuNP capped with a thiolated ligand of similar size and charge as 18 

citrate but poorly exchangeable (3-mercaptopropionic acid, MPA). 19 

 20 
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 1 

Figure 3. Role of citrate in the membrane-templated clustering of AuNP. (a, b) Photos of the 2 

two-phase system (NP + water)/(chloroform + POPC) of (a) AuNP@Ct and (b) AuNP@MPA 3 

captured: soon after chloroform addition (t0), after 20 min (t1) and 24 h (t2). (c, d) Representative 4 

UV-Vis spectra of R = 1 (c) AuNP@Ct and (d) AuNP@MPA before and after incubation with 5 

POPC liposomes.  6 

 7 

To this purpose, we evaluated in a qualitative way the chemical affinity of citrated and MPA-8 

coated AuNP towards POPC, i.e. the lipid component of vesicles, in a 1:1 (v:v) CHCl3/water 9 

biphasic system. As a control experiment, we put in contact aqueous dispersions of MPA-capped 10 

AuNP or citrated AuNP with chloroform: even after 24 hours the organic phase is transparent, 11 

while the aqueous phase maintains its vivid color (see Figure S10 of SI for details). As expected, 12 

AuNP will be localized in water, due to their high surface charge density, imparted by the anionic 13 

ligands. If POPC is present in the organic phase (dissolved as a monomer at 1 mg/ml 14 

concentration), depending on the nature of ligands, we observe a dramatically different behavior.  15 
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While no significant variation is observed for MPA-AuNP with respect to the control experiment 1 

(Figure 3b), for citrate-capped AuNP the transfer of NP to the organic phase starts immediately 2 

and is complete after 24h (Figure 3a). The spectral properties of the organic phase indicate the 3 

presence of single primary AuNP (see Figure S9 of SI for details). The dispersion of NP in the 4 

organic phase is consistent with stabilization provided by a monolayer of POPC, with the 5 

hydrophilic zwitterionic headgroup on the particle surface and hydrophobic tails pointing towards 6 

the solvent. 7 

This opposite behavior is clearly due to the fact that MPA is not exchanged with POPC, due to the 8 

strength of the Au-S bonds at the Au surface, while citrate is easily displaced by the lipid at the 9 

chloroform-water interface, where a monolayer of POPC is present, eventually leading to complete 10 

extraction of AuNP to the organic phase. This assay, even if qualitative, provides a clear and 11 

unambiguous indication that the affinity of AuNP for POPC strongly depends on the chemical 12 

nature of the ligand originally present on the NP.  13 

Remarkably, this finding is strongly related to the behavior of AuNP when incubated with POPC 14 

liposomes in water: Figure 3c and 3d show the UV-Vis spectra of AuNP (citrate-capped, 3c and 15 

MPA-capped, 3d) added to liposome dispersions at R = 1. While the citrated AuNP exhibit the 16 

already discussed spectral redshift, the MPA-capped NP display a negligible variation of the 17 

absorption profile, which might be related to the adsorption of the NP on liposomal membrane 12, 18 

but definitely not to aggregation, occurring for citrated AuNP.  19 

We put forward the hypothesis that also in this case the citrate-POPC exchange is a major player 20 

in the interaction between NP and POPC liposomes and subsequent NP clustering. The ligand 21 
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exchange at AuNP-liposome interface, with partial substitution of the citrate shell with POPC and 1 

release of citrate and counterions in water, would represent an irreversible binding step.  2 

Therefore, the irreversible and kinetic nature of the lipid membrane binding and induced 3 

clustering, which is an unexplored key aspect in the liposomes/AuNP interaction, might find an 4 

explanation at a molecular level in the irreversible nature of citrate-POPC ligand exchange at the 5 

nano-bio interface. 6 

 7 

3.5. Role of membrane elasticity on AuNP-liposomes interaction 8 

Besides surface charge and composition 47,48, the phase state of the bilayer (gel or liquid crystalline) 9 

strongly affects the viscoelastic properties of the membrane and its response to NP adhesion. 10 

Recent studies addressed the interaction of citrated AuNP with lipid vesicles of similar 11 

composition as the system here considered (i.e., phosphatidylcholine phospholipids): the 12 

interaction of AuNP with lipid vesicles in gel and liquid crystalline phases was compared, either 13 

employing DPPC vesicles below and above the lipid membrane melting temperature (i.e., the gel 14 

to liquid crystalline transition temperature)10, or considering vesicles of different lipid 15 

compositions at the same temperature (i.e. DOPC liquid crystalline and DPPC gel phase 16 

vesicles)14. Depending on the phase state of the membrane, aggregation of citrated AuNP was 17 

either inhibited (gel phase) or promoted (liquid crystalline phase). The authors have interpreted 18 

this result as due to a hampered lateral diffusion of the adhered AuNP when the target membrane 19 

is in the gel phase, which eventually limits aggregation. Therefore, the membrane lateral fluidity 20 

is considered the crucial factor to promote clustering of AuNP. Membrane fluidity modifications 21 

(particularly the formation of unstable lateral phase boundaries on fluid membranes upon citrated 22 
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AuNP adhesion) are also considered as a main driving force to AuNP clustering in another recent 1 

study 14. While membrane fluidity can definitely play a role, other membrane viscoelastic 2 

properties might have been overlooked. Specifically, membrane bending rigidity is increasingly 3 

recognized as a key-factor which affects the reactivity of synthetic and natural bilayers towards 4 

nanomaterials 49,50. The ability of a membrane to elastically deform and wrap around a NP, 5 

maximizing the interfacial contact area, is closely related to the balance between NP-bilayer 6 

adhesion energy and membrane bending energy (viz. elastic energy49), representing the energy cost 7 

for the bilayer to modify its spontaneous zero curvature. This balance determines the extent of NP 8 

wrapping and NP-membrane contact area, controlling the strength of interactions at the nano-bio 9 

interface 15,49–51.  10 

 11 

Bending rigidity undergoes a dramatic variation passing from gel to liquid crystalline bilayers (for 12 

instance the bending moduli of fluid POPC and gel DPPC are ≈ 0.9x10-19J and ≈ 15.5x10-19J at 13 

25°C, respectively52), which might have a crucial role in the interaction with AuNP.  14 

To address this point, we determined the impact of membrane bending on membrane-templated 15 

clustering by monitoring POPC-AuNP interaction in systems where NP wrapping is hampered, 16 

due to high bending costs. We monitored POPC-AuNP hybrids obtained upon incubation of AuNP 17 

with POPC supported lipid bilayers (SLBs), obtained through vesicle fusion on a silicon wafer. 18 

The close interaction with the support prevents membrane bending, and in turn hinders AuNP 19 

wrapping by the membrane. Conversely, the lateral fluidity of POPC SLBs is retained or scarcely 20 

modified 53, as they are in the same physical state (i.e. liquid crystalline (fluid) state) as POPC 21 
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vesicles.. To rule out NP clusters formation due to the possible presence of residual intact 1 

liposomes on the SLB, all the samples were extensively washed after incubation. 2 

Figure 4a compares the XRR 23 profiles of POPC SLBs in the absence and in the presence of 3 

AuNP. AuNP cause only a slight shift in the XRR oscillations of the bilayer form factor to lower 4 

q values, consistent with the adhesion of few NP on the lipid membrane (see curve fitting results 5 

in Table S2 of SI and the resulting scattering length density (SLD) profile along the bilayer 6 

thickness, Figure 4a inset) 54. This finding is confirmed in real space with AFM images, where 7 

AuNP are embedded in the membrane as single objects or dimers (Figure 4c); in addition, QCM-8 

D data (Figure 4d) show that, after the formation of a stable POPC SLB (Figure 4d, (1)) 27, the 9 

AuNP injection (2) results in the stable adsorption of some NP on the target membrane, with an 10 

overall coverage of approximately 3.5% of the SLB surface (see pages S9 of SI for details). 11 

From these results, we conclude that AuNP adhere to the target membrane, but membrane-12 

templated clustering of AuNP is significantly or completely limited, which points out a key role 13 

of membrane rigidity. We can conclude that the extent of NP wrapping by the membrane is one of 14 

the main factors driving the clustering of AuNP coated with citrate. 15 

In order to further corroborate this result, we investigated the effect of AuNP size in the interaction 16 

with POPC liposomes. 17 

While the adhesion energy per unit membrane is, to a first approximation, not dependent on the 18 

curvature locally imposed by the NP to the wrapping membrane55, the bending energy per unit 19 

surface area of the bilayer (gbe)55,56 depends on the inverse of the NP radius square, as follows: 20 

𝑔() =
*
+!
𝑘,     [2] 21 
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with kc the bending modulus of the bilayer and r the NP radius.  1 

To investigate the effect of reducing NP size we challenged POPC liposomes with significantly 2 

smaller citrated AuNP (5 nm instead of 16 nm in diameter, see paragraph 2 and page S2 of SI for 3 

details). Small AuNP impose an extremely high local curvature to the lipid membrane, whose 4 

deformation involves a higher energetic penalty with respect to 16 nm AuNP. Sharing the same 5 

exchangeable ligand, i.e. citrate, as 16 nm AuNP, small AuNP show the same affinity for POPC 6 

as bigger ones, as demonstrated by a control experiment in the biphasic water/chloroform system 7 

(see Figure S11 of SI for details); thus, the only difference between the two cases is then bending 8 

cost for unit area, which should result in a consistently lower wrapping for small NP (see equation 9 

2). 10 

Figure 4b displays an UV-Vis experiment similar to the one in Figure 1a, apart from the particle 11 

size: the plasmon coupling is here absent even for R = 0.1, suggesting that membrane adsorption 12 

might even occur, but membrane-templated aggregation is prevented. To summarize, 5 nm NP, 13 

which are expected to be wrapped by the membrane to a lower extent (Eq. 2), do not cluster, which 14 

confirms a major role of membrane bending elasticity in the citrated AuNP/liposome interaction.  15 

To better interpret these results, we should consider that the bending capacity of the membrane 16 

determines its ability to bend and wrap around the NP, as highlighted in several recent studies 49,50. 17 

Therefore, the wrapping extent of the NP determines the contact area between a NP and the 18 

membrane, where the citrate-POPC ligand exchange can take place. 19 
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 1 

Figure 4. Wrapping contribution to membrane-templated AuNP clustering. (a) XRR profiles 2 

of a POPC SLB before and after incubation with AuNP; the curve fitting of the experimental curve 3 

and derived SLD profile (inset). (b) UV-vis plasmon resonance spectra of small-diameter (5 nm) 4 

citrated AuNP in the absence and in the presence of POPC liposomes for R = 0.1. (c) Liquid AFM 5 

of AuNP on a POPC SLB. (d) QCM-D experiment on the adsorption of AuNP on a POPC SLB: 6 

lines and filled circles represent the frequency shifts, while lines and empty circles represent the 7 

dissipation factors; the curves are normalized for the overtone numbers. XRR measurements were 8 

performed at ID03, ESRF. 9 

Remarkably, increasing the contact area extension maximizes the portion of particle surface that 10 

will undergo citrate-POPC exchange. This ligand substitution will reduce the interparticle 11 

electrostatic repulsion on the membrane, enabling short-range NP-NP Van der Waals interactions, 12 

which can lead to the formation of 2D arrays of AuNP on the liposomal surface. 13 
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If wrapping is inhibited or limited by high bending costs, AuNP clustering is not observed, for the 1 

same coating and the same membrane: we attribute this effect to the lower POPC-citrate 2 

substitution on the NP surface, which prevents short-range interaction. 3 

3.6. AuNP-liposomes interaction: a mechanistic hypothesis 4 

The ensemble of experimental results reported here can be framed in a mechanistic hypothesis, 5 

which would account for the irreversible adsorption and 2D-clustering of AuNP on liposomes, and 6 

for the main driving energetic contributions. 7 

(i) First adsorption of the AuNP drives bending of the lipid bilayer, which, by wrapping 8 

the AuNP, triggers irreversible POPC-citrate ligand exchange and in turn citrate and 9 

counterions’ release in the NP immediate proximity. 10 

(ii) the ligand exchange, decreasing NP-NP electrostatic repulsion, enables NP adhered to 11 

the same liposome to approach to distances at which Van der Waals attraction becomes 12 

effective, ultimately promoting AuNP ordered arrangement on the lipid membrane. 13 

If this description explains the results presented here and those reported in the literature, one 14 

observation remains unclear, namely the strongly uneven distribution of AuNP among liposomes, 15 

which is not elucidated by statistical considerations (see paragraph 3.3) or by the mechanistic 16 

hypothesis above reported. Such an uneven distribution of AuNP membrane-confined clusters, 17 

present only on selected vesicles, implies the presence of a specific driving force, which acts 18 

cooperatively.  19 
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We put forward the hypothesis that a key contribution to this statistically unbalanced distribution 1 

is the release of citrate (and Stern counterions) at the liposome/NP interface, which follows POPC 2 

ligand exchange. 3 

If the multivalent citrate ligands are released from the wrapped area of an AuNP (together with 4 

strongly-bound counterions), the ionic strength at the interface will locally and transiently increase 5 

to a significant extent. This local ionic strength increase will transiently decrease the Debye length, 6 

lowering the kinetic barrier for NP aggregation. 7 

We can hypothesize that an iterative process takes place: the first AuNP binds randomly to the 8 

membrane, releasing a sufficient quantity of citrate anions to recruit another AuNP, which will 9 

adhere to the membrane and undergo the same extent of ligand exchange and citrate release, 10 

thereby trapping other AuNP. This will establish a preferential trail for AuNP towards a selected 11 

liposome and the distribution of NP will not be ruled by statistical considerations. 12 

Unfortunately, to the best of our knowledge and expertise, it is not possible to perform an 13 

experiment which could directly probe a transient and localized increase of ionic strength in 14 

proximity of the adhesion point of a 16 nm AuNP on a single 100 nm liposome. 15 

However, this iterative mechanism would be fully consistent with the experimentally observed 16 

connection between the extent of NP membrane wrapping and NP aggregation. 17 

As a matter of fact, the increase of wrapping would also imply an increase of citrate release and, 18 

therefore, an increase in the efficiency of AuNP recruitment on a selected liposome.  19 

This hypothesis scheme of a "citrate-trail" recruitment of AuNP would fit into a multistep model, 20 

such as the one sketched in Figure 5.  21 
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 1 

Figure 5. Mechanism of interaction between AuNP and the lipid membrane. (a) Adhesion-2 

docking; (b) wrapping-ligand exchange; (c) citrate-trail recruitment; (d) Membrane-templated 3 

aggregation. 4 

Within the DLVO formalism, accounting for both a long-range repulsive electrostatic potential 5 

and a short-range attractive London-Van der Waals potential, we outline the following interaction 6 

steps: 7 

 (i) Adhesion (i.e., AuNP docking to the liposomal membrane). The negative charge of AuNP, 8 

imparted by the citrate coating, provides a strong electrostatic repulsive contribution preventing 9 

short-range Van der Waals NP-NP interactions, while the electrostatic barrier for the adhesion of 10 

AuNP to the bilayer is significantly lower (POPC is zwitterionic, and liposomes have a slightly 11 

negative zeta potential). Thermal fluctuations can easily bring AuNP close to the bilayer, and 12 

eventually, adhesion driven by short-range liposome-AuNP attraction occurs. 13 
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(ii) Wrapping. Due to docking, a locally high curvature is imposed in the membrane. Depending 1 

on the NP size and on the bending modulus of the membrane, the NP is partially wrapped by the 2 

liposomal membrane, and irreversible ligand exchange between citrate and POPC occurs (which 3 

contributes to the kinetic-irreversible nature of citrated AuNP-lipid vesicles interaction). The 4 

extent of citrate displacement depends on the area wrapped by the membrane and therefore on the 5 

balance between the NP-membrane adhesion energy and the energy penalty due to membrane 6 

bending.  7 

(iii) Citrate-trail. Wrapping causes the release of citrate and associated counterions, which 8 

determine a transient localized increase in the ionic strength. This action in turn increases the 9 

probability of the adhesion of another AuNP to the same liposome followed by a synergistic 10 

cascade effect, where each adhered AuNP partially releases its citrate coating to mark the 11 

membrane-adhesion pathway for the following AuNP.  12 

(iv) Membrane-templated aggregation  Once a relatively high number of AuNP are present on 13 

the same liposome, the decreased AuNP-AuNP electrostatic repulsion due to partial citrate release, 14 

together with the tendency of the membrane to decrease the locally imposed curvature due to 15 

AuNP adhesion, leads the formation of a curved membrane-confined AuNP aggregate on the lipid 16 

membrane. 17 

 18 

4. CONCLUSIONS 19 

We addressed the mechanistic features of the aggregation of citrate-coated gold nanoparticles 20 

(AuNP) on synthetic lipid membranes. This phenomenon, although recently highlighted in some 21 
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studies on nano-bio interfaces 10,12,13,18 and even exploited for bioanalytical assays 17, has never been 1 

fully disentangled and explained. Combining optical spectroscopy (UV-vis absorbance), bulk 2 

structural techniques (Small Angle Neutron and X-ray Scattering) and surface analysis (X-ray 3 

Reflectivity, Atomic Force Microscopy), we identified the main factors involved in the interaction 4 

of AuNP with synthetic lipid vesicles and the subsequent aggregation of NP. This allowed 5 

proposing a mechanistic hypothesis which would also explain and reconcile the data reported in 6 

the recent literature 10,14. We disclose how thermodynamic (i.e., electrostatic and Van der Waals 7 

interactions, lipid membrane viscoelastic properties) and kinetic effects (citrate-lipid exchange at 8 

the nano-bio interface) are intertwined. For the first time, we suggest the key role of citrate and 9 

citrate-lipid ligand exchange to drive aggregation. This mechanism would imply that a small 10 

coating molecule, i.e., citrate, drives the response of a target lipid membrane to NP adhesion, 11 

resembling, in a very simple system, the mechanisms of small-molecule-activated biological 12 

responses in cell signaling phenomena. Moreover, the cooperative nature of ligand exchange at the 13 

AuNP-liposome interface, pivotal in determining clustering of AuNP, will have relevant 14 

implications for NP use in Nanomedicine, since NPs will be internalized in cells as clusters, rather 15 

than as primary NP, with dramatic effects on their bioactivity. 16 

 17 
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